ABSTRACT
INTRODUCTION
Anatomically, the petroclival region is composed of the sphenoid bone, temporal bone and occipital bone. This region bestrides into both middle and posterior cranial fossa (11) . The tumors in the petroclival region are always benign and slowgrowing. Therefore, when patients with petroclival tumors have clinical symptoms and go to see a doctor, the tumors have already grown to a large or giant volume and usually extend anteriorly from the dorsum sellae to the parasellar region and cavernous sinus, and posteriorly from the ventral brainstem to the lower clivus and foramen magnum (25) (3) . The III~XII cranial nerves, basilar artery (BA) and its important branches such as the posterior cerebral artery (PCA) and superior cerebellar artery (SCA), and the petrous segment of the internal carotid artery (ICA) all go through this region.
Gaining access to the petroclival region is a severe challenge for neurosurgeons (5) . Deep location in the skull base and the neighboring ventral brainstem make this region very dangerous. When neurosurgeons try to remove petroclival tumors as completely as possible, it is possible to cause neurological deficits and major vascular injury (10) . Nonetheless, surgical removal was still considered as the best and most effective selection to manipulate petroclival tumors. Although various approaches to the petproclival region have been described in the literature, the intraoperative exposure and postoperative complication rates were still unsatisfactory (2).
The pterional approach was first created by Yasargil in the 1970s. Previously, it was used to treat aneurysms in the anterior circle of Willis and lesions in the cavernous sinus (16, 31) . Gradually, this approach has become one of the classic approaches to the skull base, and it has many advantages such as simple craniotomy, easy surgical technique to learn, clearly visible anatomic structures and short duration. However, due to the occlusion of the temporal lobe, tentorium and petrous bone, the pterional approach did not expose posterior cranial fossa sufficiently (24) . We therefore modified the pterional approach, which was named the extended pterional transtemporal transtentorial (EPTT) approach, to improve the exposure of the posterior cranial fossa. In order to quantify the advantages and disadvantages of the EPTT approach, we used the subtemporal transtentorial (ST) approach for comparison.
MATERIAL and METHODS

Specimen Sources and Surgical Instruments
The study included 5 adult Chinese cadaveric heads (10 sides) provided by the Department of Anatomy, Nanjing University. Before the surgical approaches were performed, the heads were injected 10% formaldehyde. Subjects with cranial diseases and traumatic brain injury were excluded. The surgical operations were approved by the ethical committee of Jinling Hospital, Nanjing University.
Surgical instruments included a Leica operating microscope, a Phillips 64-slice CT scanner, a domestic headholder, a set of craniotomy and microsurgical instruments, a ruler (accuracy 1 mm), a compass, a vernier caliper (accuracy 0.2 mm), and a digital camera.
Surgical Preparations and Procedures
Before the surgical approaches, bilateral carotid arteries, jugular veins and vertebral arteries in 5 cadaveric heads were perfused with red and blue color latex respectively. These cadaveric heads were then placed in the refrigerator at -20° for about one week to mix the color latex sufficiently.
Five cadaveric heads were dissected bilaterally by both the EPTT and ST approach. The heads were fixed with headholder rigidly. The ST approach was performed at first to prevent the distortion of anterior temporal lobe caused by the EPTT approach. While the EPTT and ST approaches were performed, the compass and vernier caliper were used to measure the correlative structural length and distance.
MEASUREMENT TECHNIqUES
Deep Anatomic Points
We selected 4 deep points in the skull base. The anterior point (Point A) was defined as the apex of the anterior clinoid process. The medial point (Point M) was the midpoint of the dorsum sellae. The lateral point (Point L) was defined as the apogee of the arcuate eminence. The posterior point (Point P) was defined as the midline of the clivus to the level of the homolateral internal auditory foramen (13) . These 4 deep points formed two adjoining triangles. The anterior triangle AML, created by Point A, M, and L, occupied the part of the middle cranial fossa in a relatively horizontal plane. The posterior triangle PML, created by Point M, L, and P, occupied the part of the posterior cranial fossa in an inclined plane and was not in the same plane as the anterior triangle.
External Bony Landmarks
In an external bone window, 3 points were defined to establish the bone window plane in each approach as follows: for the EPTT approach, Ex-K, the keyhole; Ex-F, the point in frontal bone and 3cm upper to supraorbital margin (3 cm from midline); Ex-S, the point in squamous suture and 6 cm upper to external auditory foramen. Similarly, for the ST approach, in addition to Ex-S, another 2 external points were selected: Ex-C, the supramastoid crest; Ex-Z, the midpoint of the superior margin of the zygomatic arch.
Data Collection and Calculation
The Phillips 64-slice CT scanning was used at first to scan the five specimens with a slice thickness at 0.75 mm. Then we established a spatial rectangular coordinate system (17, 22) . Point O was defined as the origin. The X, Y, and Z axes were defined respectively as perpendicular to the sagittal plane, coronal plane and axial plane ( Figure 1 ). The CT images were used to record the before-mentioned 4 deep and 5 external points with the computer software named Adobe Tang Y. et al: Surgical Approach to the Petroclival Region photoshop CS5. The results were only planar (x, y). According to the point located in a slice, the value of the Z axis could be calculated combined with slice thickness. Then another computer software named Microsoft visual C++ 6.0 was used to carry out programming based on the correlative principle of spatial analytic geometry. The program was run correctly with verification. This could eliminate the need for using a navigation system before and after the specimens were approached.
The calculations were performed for 3 types of measurements. First, the real area, defined as the real calculated area of the triangle formed by the deep coordinate points and representing the real anatomic area was determined. Second, the projected area, defined by each approach and representing the projected area of the deep triangle on the bone window plane of each surgical procedure was measured. Last, the percentage of the projected area was defined as the projected area converted to a percentage by comparing it with the real area. This transformation effectively reduced the variation in real area for each cadaveric head.
Statistical Analysis
Paired t tests were performed with the statistical software SPSS 17.0. All data were presented as mean ± standard deviation. A p value less than 0.05 was considered to be statistically significant.
RESULTS
Surgical Procedures of ST and EPTT Approaches
The subtemproal transtentorial (ST) approach was well known by neurosurgeons, the craniotomy and microscopic vision (Figure 2A-D) was no need to repeat. In the extended pterional transtemporal transtentorial (EPTT) approach ( Figure 3A-D) , procedures using the supine position and with cadaveric head lateral oblique to nonoperative side maintained about 60° rotations. The skin incision was opened in an arcuate shape extending from the superior margin of the zygomatic arch to the frontal hairline of midline with a moderate enlargement posterior to the temporal region. When the skin flap and temporal muscle were turned over downward to the keyhole above the eye brow, five bone holes were drilled, the bone holes were connected with wire saw and the bone window was formed.
When the dura was opened, the posterior part of frontal lobe, the Sylvian fissure and anterior part of temporal lobe were exposed. The anterior part of temporal lobe was dissected along the Sylvian fissure and retracted backward to reduce the occlusion. Then the supra-tentorial structures in middle cranial fossa, especially located in the parasellar region and cavernous sinus, such as the oculomotor nerve, clinoid process superior portion of the internal carotid artery and posterior cerebral artery bypass above the tentorium, appeared in the microscope. Furthermore, we kept on exposing the infra-tentorial part of middle cranial fossa by dissecting the tentorium which was located anterior to the petrous bone. With the adjustment of the visual angle, the posterior cranial fossa structures located upper to the level of middle and upper clivus would be seen in the microscope. The free, cut edge of the tentorium was enlarged according to tumor size and position. The observable structures were photographed and the length of specified segment of correlative cranial nerves was measured (Table I) .
Comparison of the Percentage of Projected Area
The real areas of the anterior triangle AML and posterior triangle PML were calculated from all 10 sides of 5 cadaveric heads. Then, the projected areas of the anterior and posterior triangles in both bone window planes of the EPTT approach and ST approach were calculated by Microsoft visual C++ 6.0 started to pay more attention to the protection of the blood vessels and cranial nerves. The surgical concept "Less-thancomplete" has been advocated and promoted. Total removal has been not the primary consideration during the surgical treatment of petroclival tumors. This change of the concept has improved the patients' postoperative quality of life (5, 15, 25, 27) . Affected by this concept, petroclival approaches have been developed to provide a simple, minimal invasive procedure with maximum exposure.
Iaconetta subdivided the petroclival approaches into 4 types according to the craniotomy location: the anterior approaches, lateral approaches, posterior approaches and combined approaches (12) . The anterior approaches include the orbital-zygomatic, fronto-temporo-orbito-zygomatic and pterional approach. The lateral approaches include the subtemporal, transpetrosal presigmoid and extended middle fossa approach (8, 28) . The posterior approaches include the suboccipital retrosigmoid approach. The combined approaches include the combined supra-and infra-tentorial presigmoid, infratemporal and retrosigmoid combined approach. The neurosurgeons select an individual approach according to the petroclival tumor size, location and invasive direction (2, 4, 5, 10, 21, 25, 26).
The transpetrosal presigmoid approach was commonly used for petroclival lesions previously. It can not only ensure larger exposure and shorter distance, but also provide remarkable assistance to reduce the retraction of the temporal lobe and preserves the integrity of Labbe's vein (1, 3, 20, 29) . However, the disadvantages such as being time-consuming, the extensive destruction of the skull base, the high risk of neurological deficits and CSF leakage lead to slow recovery (Table II) . The percentage of the projected area, which was converted by comparing the projected area with the real area, was used to perform the paired t test. The result showed that there was no statistical difference in the percentage of projected area of the anterior triangle AML for the two approaches (EPTT, 21.5 ± 12.5%; ST, 28.8 ± 14.9%; p=0.1948). However, it is remarkable that the percentages of projected area of the posterior triangle PML for the two approaches (EPTT, 74.0 ± 4.5%; ST, 51.5 ± 4.3%; p<0.01) show a statistically significant difference (Table III) .
DISCUSSION
Development of Petroclival Approaches
The development of petroclival approaches has undergone 4 periods. In early 1950s, little information about the petroclival region could be obtained owning to the lacking iconography technique. Therefore, this region was considered as the "restricted zone" in neurosurgical procedures (6) . Soon after, a few experts tried limited removal of the petroclival lesions basis of the skull base anatomy (18) . But the postoperative outcomes were not as desired. With the 1980s and rapid development of neurosurgical microtechnique, the HorsleyClarke technique and adjunctive image technology, more and more surgical approaches were developed to manipulate petroclival lesions. This period was the "golden time" of neurosurgical development (4). The concept of "More-thanless" regarding tumor removal was accepted by majority of neurosurgeons. However, the morbidity and mortality was not satisfactory in spite of many patients with total tumor resection (9, 14) . The postoperative complications, including neurological deficits and vascular damages, were still serious and hard to avoid. After the 21 st century, the neurosurgeons the EPTT approach could provide a wider operative area. As we all know, neurosurgeons prefer a more exposed approach such as EPTT rather than ST. Moreover, compared with the lateral approach, it is not easy to injure Labbe's vein with the anterior approach.
There are obviously some deficiencies of both approaches.
In the ST approach, the preservation of Labbe's vein and the extent of retraction to the temporal lobe are tremendous problems for the surgeon (15, 19) . Moreover, because of the occlusion of petrous bone, the exposure of the posterior cranial fossa is unsatisfactory in the ST approach (30) . In spite of experimental statistical data confirming that the surgical exposure of the posterior cranial fossa is significant better in the EPTT approach, the petrous bone still prevents the surgeon from observing the cerebellopontine angle and lower clivus. The brainstem section that could be clearly exposed was the lateral inferior segment of the midbrain and the whole pons. Besides, the EPTT approach has a longer surgical distance to the petroclival region than the ST approach, especially when used to manipulate posterior petroclival lesions. That is to say, while the EPTT approach improved the operating angle to enlarge the exposed area in the posterior cranial fossa, at the same time it increased the surgical distance versus the ST approach. This indicates that if you want to select the EPTT approach to remove petroclival tumors as a surgeon, you must be skillful at micromanipulation and use exact judgement to handle tumors at a relatively long distance.
In conclusion, the extended pterional transtemporal transtentorial (EPTT) approach and the subtemporal transtentorial (ST) approach are all suitable for the petroclival tumors that are predominantly in the middle cranial fossa. Moreover, the extended pterional transtemporal transtentorial approach is also beneficial for large and giant petroclival tumors predominantly in the posterior cranial fossa with extensive invasion to the parasellar structures and cavernous sinus.
Study Limitations
This study still has several limitations. First of all, formalinfixed cadaveric tissue can not simulate many characteristics of living tissue completely. The cadaveric tissue has much more rigidity than living tissue, so there may be some differences in the stretching of temporal tissue when the EPTT approach is applied clinically. We will continue to conduct further relevant clinical research. Nonetheless, this quantitative anatomic study can help surgeons find the appropriate approach by utilizing the information about the comparative advantages of various approaches to the petroclival region.
and a poor outcome. The suboccipital retrosigmoid approach was widely used to manipulate lesions in cerebellopontine angle and lower clivus (7, 23) . However, tumor removal had to be performed through the interspace of VII-XII cranial nerves. It could lead to nerve damage easily and the posterior approach also has a disadvantage in the excision of the tumor parts in the upper clivus and middle cranial fossa. The neurosurgeon should therefore choose a compatible approach for dealing with the petroclival lesions without damaging other important structures.
The Anatomic Characters and Applicability of the EPTT and ST Approaches
The extended pterional transtemporal transtentorium approach, as one of the variants of pterional approach, has 3 key points: first, "extended pterional" means that the skin incision has a backward enlargement to increase the exposure of the temporal lobe; second, "transtemporal" means that the anterior part of temporal lobe was dissected along the direction of the Sylvian fissure and retracted backward to expose supra-tentorium structures in middle cranial fossa after craniotomy and dura dissection; third, "transtentorium" means that the tentorium was dissected extensively to expose the infra-tentorium structures in the middle cranial fossa and posterior cranial fossa.
The tentorium dissection was started from the segment in front of the petrous bone to expose the infra-tentorium structures in the middle cranial fossa and manipulate the tumor in this region. Then, the visual angle of surgeon was adjusted to the rear, the segment of tentorium behind the petrous bone was dissected and the remaining lesion in the posterior cranial fossa was exposed and finally removed. In the entire tentorium dissection process, much attention should be paid to the passing cranial nerves and blood vessels, such as the oculomotor nerve, trochlear nerve, trigeminal nerve, abducens nerve, posterior cerebral artery, superior cerebellar artery, superior petrosal sinus and so on. Above all, the trochlear nerve bypasses the cerebral peduncle of the midbrain through the oculomotor triangle into the superior wall of cavernous sinus. Its travel is very close to the inner free margin of tentorium and the trochlear nerve is therefore easily injured during tentorium dissection.
The statistical results showed that with regard to exposed area in anterior triangle the EPTT approach provided nearly equivalent percentages of projected areas compared with the ST approach and these two approaches have no significant difference (p=0.1948). This means that when neurosurgeons manipulate the petroclival tumors that are predominantly in the middle cranial fossa, these two approaches could provide similar exposure. However, this situation changed in the petroclival tumor predominantly in the posterior triangle.
The EPTT approach has a bigger percentage of projected area than the ST approach (p<0.01). This means that when treating a petroclival tumor predominantly in posterior cranial fossa,
